Objectives: The objective of this open-label study was primarily to assess the effect of taurine on adaptive behavior and secondarily to collect safety and tolerability data in patients with succinic semialdehyde dehydrogenase deficiency.
Succinic semialdehyde dehydrogenase (SSADH) deficiency (g-hydroxybutyric aciduria) is a rare autosomal recessively inherited defect in g-aminobutyric acid (GABA) catabolism (figure). 1 This typically nonprogressive encephalopathy with late infantile onset presents with ataxia, hypotonia, expressive language deficits, intellectual disability, and in half of patients, seizures. 2, 3 Neuroimaging reveals dentato-pallido-luysian hyperintensity. Several hundred patients have been diagnosed worldwide. 4 No effective treatment exists. Improved survival has been demonstrated in the experimental homozygous mouse from the nonprotein amino acid taurine. 5, 6 This agent was originally selected because the suckling null mouse deteriorated with seizures upon weaning, and taurine represents the most concentrated constituent in murine breast milk.
Taurine has numerous neuromodulatory roles, [5] [6] [7] [8] including protection against free-radical damage, the latter prevalent in SSADH-deficient mice and patients. [9] [10] [11] Taurine may act as a GABA transporter substrate, 12, 13 and GABA and taurine transporters may have reciprocal interrelationships. Vigabatrin (VGB)-induced retinotoxicity has been linked to corresponding taurine deficiency, 14, 15 of interest because VGB increases CNS GABA. Thus, our rationale for evaluating taurine centered on its successful use in the murine model, potential GABA transporter activity, and antioxidant effects.
A single case of taurine therapy (200 mg/kg/d) for 12 months in a 2-year-old boy with SSADH deficiency showed improved socialization, behavior, coordination, and activity. 16 We undertook an open-label trial with collection of baseline and follow-up data, preparatory to a randomized controlled trial utilizing biomarkers. The aim of this study was to assess the effect of taurine on adaptive behavior in SSADH deficiency.
METHODS
This was an open-label study. Subjects with a diagnosis of SSADH deficiency, based on persistent 4-OHbutyric aciduria, typical phenotype, and when available genotype or enzymatic quantification, were eligible. Patients were identified during outpatient visits or by data from prior consented enrollment in a worldwide SSADH clinical database.
Participants were instructed to take taurine supplements (General Nutrition Center brand) in tablet form. Enrolled patients were titrated weekly from 50 mg/kg/d to the target 200 mg/kg/d, based on the previously published report. 16 A maximum dosage of 10 g/d was established after a serious adverse event that prompted a dose-lowering paradigm. The titration schedule was implemented to allow monitoring for adverse effects before reaching the target dose. The trial and follow-up were conducted remotely, by phone and e-mail, because of the wide geographical distribution of patients. Patients' local physicians supervised therapy and monitored safety in conjunction with the principal investigator.
Patients were assessed for safety, tolerability, and adaptive functioning using the Adaptive Behavior Assessment Scale-II (ABAS-II), 17 chosen because it is a comprehensive survey that provides general and subdomain scores, and has been standardized with normative data for pediatric, adolescent, and adult ages.
Monthly progress report forms requesting data on side effects and observed changes were kept. The ABAS-II was administered at baseline and after 3, 6, and 12 months of treatment; additional follow-ups were performed every 6 months thereafter if families chose to continue therapy. The ABAS-II measured adaptive skills for conceptual, social, and practical domains, and combined these into an additional general score. The scale was normative, and separate questionnaires were administered for the age ranges 0-4, 5-15, and 161 years. We used paired t tests to compare ABAS scores between the period of pre-and posttaurine use. This study provides Class IV evidence that for patients with SSADH deficiency, taurine does not significantly improve adaptive function.
Using an SD of 15 percentile points on the ABAS, a pre-vs posttreatment study of 20 patients was considered sufficient to provide 80% power to detect a time-averaged pre-post difference of 6 percentile points based on 3 posttreatment assessments per participant assuming ABAS scores on the same participant were correlated at 60%. The sample size was inflated by 25% (15 participants, n 5 25) to account for dropouts. Under the same assumptions, this sample size had more than 90% power to detect a time-average pre vs post difference as small as 7.5.
Standard protocol approvals, registrations, and patient consents. This study was approved by the Children's National Medical Center IRB (protocol 4650) and Washington State University IRB protocol 12678. The clinical trial identifier is NCT01608178. Written informed patient consent was received.
RESULTS Twenty-five patients (14 males/11 females, age range 6 months to 28 years [mean age 12 years, median 9 years]) were recruited and provided baseline ABAS-II data. Eighteen patients provided follow-up data and were included in analysis (8 males/10 females, mean age 12 years, median 13 years). Demographic information is summarized in table 1.
Figure
GABA catabolism pathway GABA (g-aminobutyric acid) is normally converted via GABA-transaminase to succinate semialdehyde, which is then broken down to succinic acid by succinate semialdehyde dehydrogenase (SSADH). In the absence of SSADH, succinate semialdehyde is converted to g-hydroxybutyric acid (GHB) rather than succinic acid, and this leads to a buildup of both GHB and GABA in the brain. Vigabatrin is an irreversible inhibitor of GABA-transaminase as shown.
Sixteen unique subjects provided follow-up data for a range of 3 to 50 months of continuous treatment; length of treatment was median 8.5 months (mean 13.5 months). Two patients, females aged 17 and 19 years at initial enrollment, reenrolled in the trial after a 3-year hiatus.
The primary outcome of interest was efficacy, measured by change in adaptive behavior. At baseline, subjects' median ABAS percentile scores were as follows: general functioning 0.1 (range ,0.1 to 47); conceptual domain 0.1 (range ,0.1 to 34); social domain 3 (range ,0.1 to 58); and practical domain 0.25 (range ,0.1 to 45).
ABAS-II data did not show clinically meaningful or statistically significant improvement (p $ 0.18) in the general composite score or any of the 3 adaptive domains (table 2). In the majority of participants, adaptive behavior scores changed only a few percentile points in either a positive or negative direction, and often were only fractions of a percentile. Four individuals, however, did exhibit large improvements ($18 percentile points) in the social domain. One patient showed a 22 percentile point decrease in conceptual function, and another a $22 percentile point decrease across all 3 domains. Specific changes reported in the social domain were improvements in eye contact and level of engagement.
Outside of ABAS-II measurements, 3 participants were reported by parents or close caretakers to have demonstrated significant qualitative improvement in their level of social engagement, communication, and eye contact within the first month of taurine therapy. These reports, however, did not have corresponding improvement in the individual ABAS-II scores. There were no reports of improvement in the cognitive or practical domains. One severe adverse event, hospitalization for hypersomnia, occurred while a subject (aged 30 years) was on a dosage of 16 g/d (200 mg/kg/d). This prompted a dose-lowering paradigm establishing a maximum of 10 g/d for all patients. This new dose was well tolerated, with no further serious incidents reported. Other adverse events (table 3) reported with the most frequency included moderate fatigue, somnolence, and cognitive change (specified by the subjects' parents as diminished focus and attention). Mild insomnia, ataxia, somnolence, fatigue, and mildly diminished cognitive function were also noted for single individuals.
Seven subjects who completed baseline ABAS-II forms did not return posttreatment data, and were therefore excluded from analyses. Three of these participants withdrew because of a perceived lack of efficacy. Data from one subject were invalidated because of an error in administering the ABAS-II (the wrong age-specific questionnaire was issued). The remaining 3 participants with incomplete data did not return their follow-up ABAS-II questionnaires. DISCUSSION Taurine is an aminosulfonic acid sold as a dietary supplement and is thought to have neuromodulatory and neuroprotective effects. This was a preliminary study to collect data on adaptive behavior, safety, and tolerability on taurine administration in a patient population that already had access to this amino acid. While taurine exhibited survival benefit in the SSADH-deficient mouse model, this openlabel pilot trial of taurine in patients with SSADH deficiency did not lead to demonstrable clinical improvement in adaptive neurobehavioral function. Overall, changes in adaptive behavioral function as measured by ABAS-II were not statistically significant, although the small sample size (n 5 18) would have rendered it difficult to conclude statistical significance for anything other than large effects (approximately $1 SD).
SSADH deficiency is not unique in the accumulation of GABA in CNS. Patients with heritable deficiency of GABA-transaminase accumulate supraphysiologic GABA levels, although few patients have been identified. As noted above, the use of VGB (a first-line intervention for infantile spasms and some forms of intractable epilepsy) leads to increased CNS GABA, and pharmacotherapeutics aimed to ameliorate VGB-associated retinal damage would be beneficial. Whereas most neurologic disorders, including major depressive disorder, feature decreased CNS GABA, 18 human epileptic syndromes associated with mutations in GABA A and GABA B receptors [19] [20] [21] could result in GABA increase within the synaptic cleft linked to reduced GABA binding and/or decreased GABA reuptake. Although these mutations invariably associate with altered GABAergic neurotransmission, quantitation of GABA in the CNS (either through CSF measures or magnetic resonance spectroscopy, or in vivo microdialysis evaluations in animal models) has not been reported. Accordingly, clinical trials in SSADH deficiency hold the potential to inform treatment concepts for other neurologic diseases in which increased CNS GABA may have a pathophysiologic role.
The patients in this trial did not all elect to continue the therapy, hence introducing variability in treatment duration, although only 2 were treated less than 5 months. The results of our pilot trial indicated that the majority of participants showed only small changes in social, conceptual, and practical adaptive behavior scores after taurine therapy. One-third of patients exhibited a change in at least 1 of the 3 ABAS domains, predominantly involving the social domain. Further therapeutic clinical trials focusing on SSADH deficiency are in progress, including a study of biomarkers (neuropsychological testing, transcranial magnetic stimulation, CSF metabolites) on controlled trials of taurine and an experimental GABA B receptor antagonist. Based on the present study, comprehensive neuropsychological testing measuring IQ, cognitive function, executive function, and hyperactivity are included in the future trials to enable heightened sensitivity in detection of change in clinical status.
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